Every living cell releases extracellular vesicles (EVs) that are critical for cellular signaling and a wide range of biological functions. The potential diagnostic and therapeutic applications of EVs are well recognized, and rapidly expanding. While a complete understanding of the molecular mechanisms underpinning EVs release remains elusive, here we demonstrate a novel method for programmable control of the release of EVs and their cargo using external electric fields. As a proof of principle, we use cultured rat astrocytes to demonstrate how the frequency of external electrical stimulation selectively modulates EV release, their surface proteins, and microRNA profiles. This method could broadly impact biological science and medical applications. First, it raises an interesting question of how endogenous electrical activity could modulate EV production. Second, it provides a novel mechanism for tuning therapeutic electrical stimulation that may be useful for treating brain disorders. Third, it provides a new way to generate EVs carrying desired cargos by tuning electrical stimulation parameters. Unlike chemical methods for creating EVs, electrical stimulation is a clean physical method with adjustable parameters including stimulation frequency, field strength and waveform morphology.
EVs are membrane-enclosed structures released by cells in an evolutionally conserved manner. All cell types tested to date produce EVs. They are widely distributed in blood, cerebral spinal and other bodily fluids. These novel signaling mediators carry bioactive molecules between cells (1), and studies suggest they have both physiological and potentially pathological roles in viral infection (2) , cancer spread (3), autoimmunity (4) and neurodegenerative diseases (5) . EVs transfer their protein, lipid and RNA cargo in both paracrine (to adjacent target cells) and endocrine manner (to distant target cells) (6) . Because of these unique properties, EV-related diagnostic and therapeutic applications are under intense investigation.
The production and release of EVs is a tightly regulated process, varying between physiological and pathologic conditions (7, 8) . External stimuli can profoundly change the production rate and content or composition of EVs. However, chemical stimulation lacks specificity and releases a heterogeneous population of vesicles (9, 10) . Ideal therapeutic EV production requires clean and efficient regulation.
The mammalian brain generates endogenous continuous electric field activity with extracellular voltages less than 0.5 mV and fields under 5 mV/mm (11) (12) (13) (14) . External electrical stimulation, using invasive or non-invasive electrodes to target selected brain regions, is an emerging neuromodulation therapy. Fields ranging from 0.5mV/mm ~ 100mV/mm are able to forestall or even reverse nervous system dysfunction, and focal external electrical stimulation is an FDA-approved treatment for multiple neurological diseases (15) . The prevailing theory for its mechanism of action is that neuronal activity can be generated or blocked by extracellular electrical stimulation, and that different frequencies selectively affect different neuronal pathways (16) . Interestingly, many electrical stimulation therapies report improved efficacy over long time-scales, e.g. months to years (17, 18) . The mechanisms by which electrical stimulation remodels the nervous system are not well understood. The study that we now report suggests that EVs could be mediators of therapeutic external electrical stimulation. The application of programmable external electrical stimulation to control the release of EVs and their cargos is a generic concept applicable to many cell types.
As a proof of principle, we chose to study astrocytes, the most abundant (4-5 fold more numerous than neurons) and heterogeneous of glia in the central nervous system (CNS). Their synaptic interactions with neuronal synapses and nodes of Ranvier, blood vessels and other glial cell types (19) (20) (21) situates them optimally for modulating neurons. Known functions (22) include regulation of synaptic connectivity, integration and synchronization of neuronal networks and maintenance of the blood-brain barrier integrity. They respond to low levels of electrical stimulation by elevation of their intracellular calcium concentration (23, 24) . In our initial testing, we found that ambient electrical stimulation affects EV release from rat astrocytes in primary culture ( Figure 1 ). We used a green fluorescent dye, Calcein, to monitor cytoplasmic volume and vesicle extrusion activity of astrocytes (see supplement 1 for method and materials). Outward budding and vesicle shedding was observed at the plasma membrane during electrical stimulation (2 Hz square wave with 0.1 ms pulse width). Figure 1C shows image of EVs released during electrical stimulation. The applied field magnitude was determined by trial stepwise lowering of the field strength from 100mV/mm. We found that most cells were killed at high field strength, but at or below ~5 mV/mm most cells survived electrical stimulation. This field magnitude is within the range of endogenous electrical fields generated by neurons in the hippocampus (14) .
To further determine the selective effect of electrical stimulation waveforms on the release of astrocytic EVs, we applied the same strength (5 mV/mm) electric field at three different frequencies that have been used in therapeutic electrical brain stimulation in humans, 2 Hz, 20 Hz and 200 Hz. In fact, these frequencies also fall into three endogenous brainwave oscillation frequencies recorded with human intracranial electroencephalography (iEEG), delta (0.5 -4 Hz), beta-gamma (>12 -30 Hz) and ripple (100 -200 Hz). Here we applied electrical stimulation to astrocyte cultures through a custom rig fitted to a 100 mm petri dish ( Figure 1A ) designed to create uniform electric fields over the astrocytes with continuous fluid exchange to collect EVs.
To characterize EVs in detail, we purified collected EVs using ultrafiltration combined with size-exclusion chromatography to separate EVs from extrinsic proteins (25) , and then used a nano-flow cytometer (N30 Nanoflow Analyzer, NanoFCM Inc., Xiamen, China) to quantify EVs by their size and surface proteins (see supplement 1 for method and materials). In this case, we monitored the astrocyte-specific water channel, aquaporin-4 (AQP4), by using an Alexa Flour 488 conjugated monoclonal AQP4 extracellular domain-specific IgG ( Figure 1D ). We used AQP4 as an indicator for particle numbers and sizes corresponding to astrocytic EVs collected at different stimulation frequencies. In control condition without applied electrical stimulation, the nano-flow cytometry plot shows populations of AQP4-positive EVs of two distinct sizes ( Figure 1E ).
In general, EVs are classified into three major groups: exosomes, microvesicles and apoptotic bodies based on vesicle diameter and the release process (26) . Exosomes are the smallest vesicles (~ 50 -100 nm) released through exocytosis of endosomal multivesicular bodies. Microvesicles, also known as ectosomes (~100 -1000 nm), are generated by outward budding and shedding from the plasma membrane. Apoptotic bodies (> 1000 nm) are released from apoptotic cells. We interpreted the smaller sized vesicles to be exosomes and the larger sized vesicles to be microvesicles. Thus, we concluded that the vesicles we visualized arising from cultured astrocytes under electrical stimulation in Figure 1C were most likely microvesicles, given the limited resolution of optical microscopy (> 100 nm).
In this experiment, we found that the size distributions of AQP4-positive EVs are differentially affected by the frequency of electrical stimulation ( Figure 2 ). Stimulation at 2 Hz produces a near uniform distribution of EVs, with the peak of size distribution at ~70 nm, slightly shifted to the right (larger) by comparison with the smaller sized presumptive exosome population collected without electrical stimulation. The major population of AQP4-positive exosomes arising from 2 Hz stimulation was more AQP4-bright than at baseline, supporting that 2 Hz stimulation generated a population of exosomes with increased membrane AQP4. Stimulation at 20 Hz produced fewer EVs of both large and small size than seen in basal conditions, particularly fewer presumptive exosomes. Electrical stimulation at 200 Hz had the opposite effect of 2Hz stimulation. Instead of yielding exosomes, microvesicles-sized EVs dominated (peak size distribution at ~ 170nm) and this population was also enriched in membrane AQP4.
The characteristics of the evoked EVs demonstrate a complex range of variability that not only depends on the parameters of stimulation, but also on the preparation of the astrocyte cultures. We tested three independent batches of cultured astrocytes prepared under slightly different protocols. Despite some variability in preparation and the response to ES, we investigated the percent change in exosome and microvesicle release (see supplementary 2 for additional data). The microvesicles increased under electrical stimulation (p<0.05), but the exosomes show a more variable effect at different frequencies. This variability in response to external electrical stimulation from cells prepared under different conditions suggests the potential for future precise treatment using electrical stimulation (see more in later discussion).
The RNA cargo is an important property of EVs. Stress of many types is known to increase the small noncoding RNA contained in EVs (27) . We therefore anticipated that the cellular response of astrocytes to low amplitude electrical stimulation might affect miRNA cargos of EVs. We took an unbiased approach to investigate the effect of electrical stimulation frequency on miRNA profiles by using RNAseq to identify any changes in EV miRNAs. We extracted RNAs from purified EVs collected respectively after applying a uniform electric field (5 mV/mm) at 2 Hz, 20 Hz, and 200 Hz electrical stimulation, using reverse transcription to convert them to cDNA library for high-throughput sequencing. RNA-seq results are summarized in a Venn diagram ( Figure 3 ) and details are listed in Table 1 . We identified a total of 89 miRNAs. The number of miRNAs identified in each sample of EVs collected under four conditions were: No electrical stimulation, 32 miRNAs; 2Hz stimulation, 45 miRNAs; 20Hz stimulation, 65 miRNAs and 200Hz stimulation, 67 miRNAs. Twenty one miRNAs were present in all four groups, representing 66% in the control group with no electrical stimulation, 47% with 2Hz, 32% with 20Hz and 31% with 200 Hz. Altogether, fourteen miRNAs were specifically associated with electrical stimulation regardless of stimulation frequency. However, each of the three electrical stimulation frequencies studied had a unique set of miRNAs.
In summary, we have demonstrated that the number, size, surface proteins, and cargo of EVs released from cultured rat astrocytes is influenced selectively by the frequency of electrical stimulation. Perhaps not surprisingly, the characteristics of EV release from cultured astrocytes at baseline (no electrical stimulation) and under different electrical stimulation conditions depend on astrocyte culture preparation. We have successfully tested three batches of culture astrocytes prepared under slightly different protocols. Despite the limited range of experimental data and certain variabilities in terms of EV release, our general conclusion is that electrical stimulation can selectively modulate release of EVs. In fact, variable effect of electrical stimulation on cells under different physiological conditions suggests that normal and diseased cells will respond differently to electrical stimulations. Future methods may be designed to target only diseased cells and have less or even no effects on normal cells.
In the future, we also need to examine effects of electrical stimulation on lipids and other astrocytesspecific proteins, such as the glutamate transporter and the inward-rectified potassium channel. However, the key point emerging from this initial study is that electrical stimulation provides a clean physical method for programmable modulation of EVs and their cargo that could have a broad impact in biological science and medical applications.
The observations we report also raise interesting questions concerning the mechanism by which external and endogenous electrical events modulate EV release. First, the observed effect may represent a fundamental phenomenon of possible pertinence to the response of primitive single-cell life-forms to external electrical fields. This may be important for the possible biological role of large-scale electrical activity of the mammalian brain. The electroencephalogram (EEG) reveals several frequency bands in the brain's endogenous electrical activity: delta (1-4 Hz), theta (>4-8 Hz), alpha (>8-13 Hz), beta (>13-30 Hz), low gamma (>30-70 Hz), high gamma (>70-150 Hz) and fast ripples (>250-600 Hz). It is thought that local field potentials modulate the spike timing of individual neurons via ephaptic coupling (11) . One of the most dramatic changes observed in the mammalian EEG occurs during transition from the wake state to sleep where the EEG activity changes to higher amplitude and low frequency. The coinciding changes in electrical activity and behavioral state may shape the profile of released EVs and their cargo composition. Our study suggests that endogenous extracellular electrical activity has a potent potential to modulate the release and cargo composition of EVs to serve various biological and pathological functions.
Second, our results suggest a means for biologically monitoring the tuning of therapeutic electrical stimulation in the treatment of several neurological disorders (28, 29) , such as epilepsy (17, (30) (31) (32) , sleep and memory dysfunction (33) (34) (35) , brain tumors (36) and Parkinson disease (37) . It has been noted empirically that the frequency of electrical stimulation is a critical determinant of outcome in treating particular neurological diseases. For parkinsonian and idiopathic tremor, high frequencies (>90Hz) improve motor symptoms, but lower frequencies (<50Hz) are either ineffective or can exacerbate symptoms (38) . By contrast, in some epilepsy studies low frequency stimulation (< 3Hz) safely and effectively reduces seizures (30, 39) . The mechanism underlying success of frequency-dependent electrical stimulation therapy is still largely unknown. Monitoring of EV profiles in brain cerebrospinal fluid, serum, or interstitial fluid (by dialysis) may provide measurable biomarkers for optimizing electrical stimulation therapy to achieve a better clinical outcomes.
Third, the results suggest a new method to produce therapeutic EVs carrying desired cargos by tuning electrical stimulation parameters in vitro. Unlike chemical methods for creating EVs, electrical stimulation is a clean physical method with several adjustable parameters including oscillation frequency, field strength and waveform. 
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